Vang-like 2 (VANGL2) is a four-pass transmembrane protein required for a variety of polarized cell behaviors underlying embryonic development. Recent data show human VANGL2 interacts with integrin αv to control cell adhesion to extracellular matrix proteins. The goal of this study was to further define the functional relationship between integrin αv and VANGL2. We demonstrate integrin αv regulates VANGL2 protein levels both in vitro and in the zebrafish embryo. While integrin αv knockdown reduces VANGL2 expression at membrane compartments, it does not affect VANGL2 transcription. Knockdown of integrin β5, but not β1 or β3, also decreases VANGL2 protein levels. Inhibition of protein translation using cycloheximide demonstrates that integrin αv knockdown cells have increased VANGL2 degradation while interference with either proteasome or lysosome function restores VANGL2. We further show integrin activation and stimulation of cell-matrix adhesion using MnCl 2 fails to influence VANGL2. However, MnCl 2 treatment stabilizes VANGL2 protein expression levels in the presence of cycloheximide. In the converse experiment, blockage of integrin-mediated cell-matrix adhesion using a cyclic RGD peptide causes a reduction in VANGL2 protein levels. Together, our findings support a model where integrin αv and cellular interactions with the extracellular matrix are required to maintain VANGL2 protein levels and thus function at the plasma membrane.
Introduction
The Van Gogh protein was first identified as a regulator of planar cell polarity (PCP) in Drosophila melanogaster [1, 2] . Vertebrate homologs of fly Van Gogh, Vang-like 1 and 2 (VANGL1/2), are linked to several morphogenetic processes including polarized cell movements associated with neural tube closure and gastrulation [3] . VANGL proteins are also linked to tumor cell migration and invasion [4] . In regard to PCP, VANGL2 functions as part of a network of core signaling proteins that includes Prickle, Dishevelled, Frizzled, Diego/ANKRD, and Flamingo/CELSR. In the fly, asymmetric plasma membrane PCP protein expression underlies the propagation of a polarity signal between cells that results in establishment of polarity across tissues [5] . Loss of mouse Vangl2 function causes a severe defect where the neural tube remains open from the hindbrain to the tail [6, 7] . Nonsynonymous mutations in human VANGL genes also produce neural tube defects [8] . For the zebrafish gastrula, PCP is manifested as the elongation and mediolateral alignment of ectodermal and mesodermal cells perpendicular to the dorsal body axis [9, 10] . Zebrafish vangl2 mutations disrupt the gastrulation movements of convergence and extension and produce embryos that are mediolaterally broadened and have shorter anterior/ posterior body axes [9, 11, 12] . Given the many roles of VANGL2 homologs during embryonic morphogenesis and disease processes, it has become increasingly important to understand their function and regulation.
Structurally, VANGL proteins have four transmembrane domains with both amino and carboxyl termini oriented toward the cytoplasm [13] and involved in binding proteins such as Dishevelled and Prickle [14, 15] . Plasma membrane expression is required for VANGL function and is regulated by multiple proteins. Sec24b mediates the transport of mouse Vangl2 in COPII-coated vesicles from the endoplasmic reticulum to the Golgi and mutations in Sec24b produce neural tube closure phenotypes similar to those caused by disruption of Vangl2 [16] . Trafficking of Vangl2 from the trans-Golgi network is controlled by a combination of Arf GTP-binding and clathrin adaptor complex proteins [17] . Data suggest that Vangl2 and Frizzled6 are packaged into different vesicles in the trans-Golgi network and it is thought this may promote asymmetric localization at the cell surface [18] .
Published data describe missense mutations in mouse Vangl1 that affect protein stability and plasma membrane localization. Here, misfolded mutant Vangl1 proteins are retained within the endoplasmic reticulum until they are transported to the cytosol and selectively https://doi.org/10.1016/j.yexcr.2018.11.017 Received 10 August 2018; Received in revised form 9 November 2018; Accepted 21 November 2018 degraded in a proteasome-dependent manner [19, 20] . In addition to asymmetric delivery of VANGL2 to specific subcellular plasma membrane domains, asymmetric VANGL2 distribution may be achieved through regulation of cell surface protein stability [21] . As a cell surface protein, VANGL2 function can be regulated by endocytosis and degradation in lysosomal compartments. Indeed, inhibition of lysosomal enzymes increases the level of mouse Vangl2 protein [22] . Mechanistically, current data from mouse suggest that Wnt5a signaling can increase Vangl2 protein stability at the plasma membrane by promoting the binding of Vangl2 with the receptor-like tyrosine kinase Ryk [22] .
Previous results from tissue culture, frog, and zebrafish have identified relationships between PCP proteins and the extracellular matrix (ECM) [15, [23] [24] [25] . In these reports manipulation of VANGL2/Vangl2 function disrupts assembly of a fibrillar fibronectin ECM. For example, knockdown of human VANGL2 in HT-1080 fibrosarcoma cells increases activation of matrix metalloproteinase 2 (MMP2) and invasiveness through ECM substrates [23, 26] . VANGL2 influences integrin-mediated adhesion to the ECM and VANGL2-dependent regulation of MMP2 activation requires integrin αv [26] . Loss of zebrafish Vangl2 also increases protease activity and produces embryos with reduced fibronectin [23, 25] . Conversely, knockdown of fibronectin during zebrafish gastrulation causes a reduction in cell surface Vangl2 [27] suggesting that the ECM and perhaps integrin-dependent cell-matrix interactions regulate Vangl2 protein levels. Here we use tissue culture experiments to provide evidence that integrin αv and cell-matrix adhesion function to maintain human VANGL2 protein stability at membranes.
Materials and methods

Cell culture and siRNA and plasmid DNA transfection
HT-1080 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained as previously described [26] . Cells were seeded overnight in multiwell plates and transfected with siRNA at 40-50% confluence using DharmaFECT 4 lipid reagent (Dharmacon Inc., Lafayette, CO). The following siRNAs were used: Dharmacon SiGenome SMARTpool human PRICKLE1 (M-016677); Thermo Fisher Scientific Silencer Select human VANGL1 (S37813);
, integrin β3 (L-004124), and integrin β5 (L-004125) siRNAs; Dharmacon human integrin αv single siRNAs (J-004565-08 and J-004565-10); Dharmacon Non-Targeting #2 ON-TARGETplus SMARTpool Control siRNA (D-001810). The siRNA pools were used at 100 nM while the single siRNAs were used at 25 nM. For all siRNA experiments, cells were transfected 4 days and protein knockdown was confirmed using western blot. The integrin αv siRNA pool was used throughout this study except as noted in Fig. 1 . VANGL2 expression was visualized using a plasmid containing full-length human VANGL2 fused to GFP (GFP-VANGL2). Plasmid transfection was performed as previously described [26] .
Quantitative RT-PCR
Cells were seeded in multiwell plates and transfected with control Non-Targeting and integrin αv siRNA as described above. Total RNA was isolated and cDNA synthesized using standard methods. PCR reactions were run using TaqMan probes and TaqMan Fast Advanced Master Mix (Applied Biosystems, Foster City, CA) for either VANGL2 or hypoxanthine phosphoribosyltransferase 1 (HPRT1) following the manufacturer's instructions. Quantitative PCR was run on a Bio-Rad CFX96 Touch Real-Time machine and data analyzed using CFX Maestro software. Delta Ct values were calculated as described [28, 29] .
Zebrafish husbandry and morpholino microinjection
Wild-type (strain AB* and TL) adult zebrafish (Danio rerio) 1-2 years of age were maintained following standard procedures [30] . Embryos were collected after natural spawnings and grown at 28.5°C in purified water containing 60 mg/L Instant Ocean. Single-cell stage embryos were injected with 5-10 ng of antisense morpholino oligonucleotides following standard procedures [31] . Morpholinos were provided by Gene Tools, LLC (Eugene, OR): integrin αv, 5′-cggacgaagtgtttgcccatgtttt-3′ [32] ; standard control oligo, 5′-cctcttacctcagttacaatttata-3′.
The Middle Tennessee State University Institutional Animal Care and Use Committee approved the animal research described in this paper. All procedures were conducted following approved National Institutes of Health guidelines. The Office of Laboratory Animal Welfare assurance number is A4701-01.
Biotinylation, cell fractionation, western blot and antibodies
For cell surface biotinylation, HT-1080 cells were seeded in 6-well plates and transfected with siRNAs as described above. On day 4 posttransfection, the plates were washed with ice-cold PBS (pH 8.0) and incubated for 15 min. The PBS was removed and replaced with 1 mg/ml EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) and the plates were incubated for 10 min followed by two washes with ice-cold PBS. Next, PBS containing 100 mM glycine was added to the wells and the plates incubated for 20 min followed by three more washes with PBS. The samples were kept on ice throughout the procedure. Protein was solubilized using RIPA lysis buffer containing a protease inhibitor cocktail. Streptavidin M-280 Dynabeads (Thermo Fisher Scientific) were used as directed to bind biotinylated proteins in whole cell lysates. Cellular protein fractionation was performed using a kit as described by the manufacturer (78840, Thermo Fisher Scientific). After quantification using the BCA assay, proteins were denatured in Laemmli sample buffer containing β⎕mercaptoethanol at 95°C for 5 min.
Non-biotinylated and non-cell fractionated total protein was extracted from HT-1080 cells and 24 h post-fertilization zebrafish embryos and quantified as previously described [15, 26] . Protein lysates were separated by 10% SDS-PAGE under reducing conditions and transferred to PVDF membranes using a Trans-Blot Turbo (Bio-Rad, Hercules, CA). Non-specific binding was blocked with TBS-Tween (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween-20) containing 0-5% non-fat milk depending on the antibody used and membranes were incubated overnight at 4°C with primary antibody in block solution. Membranes were incubated with peroxidase-conjugated affinity-purified donkey anti-rabbit, anti-mouse, or anti-rat secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Blots were developed using Clarity Chemiluminescent Substrate (Bio-Rad) and imaged using a UVP GelDoc-It Imaging System (Upland, CA). In each experiment blots were stripped at room temperature for 15 min using 25 mM glycine and 1% SDS (pH 2.0) and re-probed with GAPDH or actin antibodies. The primary antibodies were VANGL2 (1:1000, MABN750), Millipore Sigma, St. Louis, MO; integrin αv (1:1000, ab17975), integrin β1 (1:1000, ab30394), and pan-cadherin (1:1000, ab16505) Abcam, Cambridge, MA; integrin α5 (1:1000, #4705), integrin β5 (1:1000, #3629), integrin β3 (1:1000, #13166), and β-actin (1:1000, #4967), Cell Signaling Technology, Danvers, MA; GAPDH-HRP (1:2000, GTX627408-01), GeneTex, Inc., Irvine, CA. Densitometry was performed on blots using UVP Visionworks software. For western blots, the experimental bands were normalized using GAPDH or actin controls.
Coating plates and coverslip dishes with ECM proteins
Recombinant human vitronectin (SRP3186, Millipore Sigma) was reconstituted for a stock solution of 100 μg/ml. Working solutions (1 μg/cm 2 ) were made in PBS and applied for 2 h at room temperature then overnight at 4°C as directed. Prior to use, excess vitronectin was removed without washing. Human fibronectin (#354008, Corning, Corning, NY) was reconstituted for a stock solution of 1 mg/ml. Working solutions (1 μg/cm 2 ) were made in PBS and applied for 1 h at 37°C then overnight at 4°C as directed. Excess fibronectin was removed with gentle PBS washing.
Protein stability and drug treatment
Cycloheximide (#2112), MG-132 (#2194), and chloroquine (#14774) were purchased from Cell Signaling Technology. On day 4 post-siRNA transfection cells were treated as follows: DMSO (control), cycloheximide (20 μg/ml), MG-132 (5 μg/ml)/cycloheximide (20 μg/ ml), and chloroquine (100 μM)/cycloheximide (20 μg/ml). Unless otherwise indicated, cells were incubated for 6 h at 37°C in 5% CO 2 before total protein extraction. Drug concentrations and incubation times were chosen based on a previous publication examining Vangl1 protein stability [19] .
Cell-adhesion assays, integrin activation, and RGD peptide treatment
Cellular adhesion to ECM proteins was assayed as previously described [26] . Here, detached cells were treated with 1 mM MnCl 2 or 0.1, 1, and 10 μM cyclic RGD peptide (cilengitide trifluoroacetic acid salt, SML1594, Millipore Sigma). No difference in cell viability was observed between 0.1, 1, and 10 μM cyclic RGD peptide treatment. Cells were allowed to adhere in a humidified 37°C CO 2 incubator for 60 min prior to washing and staining with a 0.2% crystal violet solution and Integrin αv knockdown cells have reduced total VANGL2 protein levels. Box plots show median value ± standard deviation (whiskers) and the interquartile range (boxes) of likely variation (experiment performed three times, n = 6 biological replicates). (E) Quantitative RT-PCR was performed using TaqMan probes for HPRT1 and VANGL2 and cDNA obtained from NT control and integrin αv siRNA transfected cells. Scatter plot of delta Ct values (VANGL2-HPRT1 delta Ct) showing the average value ± standard deviation (experiment performed three times, n = 18 biological replicates). (F) GFP-VANGL2 expression in NT control and integrin αv siRNA transfected cells shown under identical imaging parameters. Arrows denote plasma membrane expression. The integrin αv image was brightened to allow accurate arrow placement and then reduced to the original parameters. *** P < 0.001; **** P < 0.0001; P values are versus NT siRNA in panel D; two-tailed unpaired t-test. Scale bars = 5 µm. microplate reader absorbance analysis (560 nm). For western blot experiments, cells were plated in complete media on plastic, vitronectin, or fibronectin at a cell concentration that would reach confluence within 24 h. For some experiments, the media was replaced with complete media containing 1 mM MnCl 2 and the cells incubated 2 h at 37°C in 5% CO 2 before total protein extraction. Alternatively, cells were treated with non-enzymatic dissociation buffer and suspended in media containing 10 μM cyclic RGD peptide before seeding on vitronectin or fibronectin coated plates. These cells were incubated overnight at 37°C in 5% CO 2 before total protein extraction.
Immunofluorescence and imaging
Non-transfected or GFP-VANGL2 transfected HT-1080 cells were plated on vitronectin or fibronectin treated coverslip dishes. Cells were left untreated or treated with MnCl 2 and fixed using 4% paraformaldehyde/PBS at room temperature or ice-cold methanol at −20°C. Washed cells were blocked using PBS, 5% normal donkey serum, and 0.1% Triton X-100 for 1 h at room temperature. Cells were incubated with LAMP1 (1:100, D2D11 XP; Cell Signaling Technology), fibronectin (1:100, F3648, Millipore Sigma), paxillin (1:100, AHO0492, Thermo Fisher), or integrin αv (1:100, ab179475, Abcam) primary antibody in block for 1 h at room temperature, washed twice with PBS, and incubated an additional 1 h in the dark with Donkey anti-Rabbit or antimouse Alex Fluor 594 (1:500, 711-585-152/715-585-150; Jackson ImmunoResearch Laboratories). Cells were washed three times with PBS. NucBlue Fixed Cell DAPI Stain (Thermo Fisher Scientific) was used to label nuclei. Imaging was performed using a 40× oil objective (NA = 1.3) or 20× dry objective (NA = 0.75) and an Olympus IX83 inverted microscope equipped with a Hamamatsu Orca Flash 4.0 camera. For some images, maximum intensity projections were generated from z-stack slices (0.5 µm).
Data analysis and statistics
Experiments were repeated at least three times and the total number of biological replicates is listed in each figure legend. Graphing and statistical analyses were performed using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA). The data are normally distributed and a two-tailed unpaired Student's t-test was used for analysis. Box and whisker plots were used for graphing purposes except for Fig. 1E (scatter plot). Standard deviations for the control samples were obtained by dividing individual control data values by the average of the sum of all control data values. Dividing individual experimental data values by the average of the control data values and multiplying by one hundred was done to obtain the percent of control values. Western blot and immunofluorescence images shown are representative of each experiment.
Results and discussion
Integrin αv knockdown reduces VANGL2 protein levels in vitro and in zebrafish
We previously showed that siRNA-mediated knockdown of VANGL2 in HT-1080 cells disrupts plasma membrane expression of integrin αv [26] . To further address the relationship between VANGL2 and integrin function, we again used HT-1080 cells to perform the converse experiment. Cells were transfected with integrin αv siRNA and total VANGL2 protein levels were analyzed using western blot. We first verified that integrin αv knockdown affects both cell surface and cytoplasmic integrin protein expression (Fig. 1A) . Three different integrin αv siRNA treatments were then compared, each of which has a different effect on integrin αv protein knockdown (Fig. 1B) [26] . Our results show integrin αv siRNA transfected cells have a reduced level of VANGL2 protein correlating with the efficacy of integrin αv knockdown (Fig. 1C,D) . We next performed quantitative RT-PCR to test whether the observed reduction in VANGL2 protein in integrin αv knockdown cells was due to transcriptional down-regulation. Our data show that VANGL2 mRNA expression is unchanged in integrin αv siRNA transfected cells compared to controls (Fig. 1E) . In HT-1080 cells and zebrafish gastrula cells VANGL2/Vangl2 localizes to the plasma membrane and intracellular vesicles [25, 27, 33] . VANGL proteins have just 33 nonlysine extracellular amino acids [13] making standard biotinylation and antibody-based flow cytometry methods ineffective. However, we confirmed that integrin αv knockdown reduces VANGL2 protein levels in membrane compartments (plasma and intracellular) using cellular fractionation and western blot (Supplementary Fig. 1 ). To determine whether integrin αv alters cell surface VANGL2 protein levels, integrin αv knockdown was performed on GFP-VANGL2 expressing cells. We report a consistent and marked loss of GFP-VANGL2 expression from the plasma membrane and to a lesser extent from the cytoplasm (Fig. 1F  and Fig. 6 ). Taken together, these data demonstrate that integrin αv is required to maintain VANGL2 protein levels in HT-1080 cells including expression at the cell surface. Depending on cell type, plasma membrane integrin αv can localize to focal adhesion structures [34] where it interacts with β integrin proteins to bind ECM substrates. We found that while GFP-VANGL2 overlaps with integrin αv and paxillin at the plasma membrane of HT-1080 cells, it exhibits little or no expression in mature focal adhesions ( Fig. 2A,B) . Though further experiments are needed, these in vitro findings suggest that integrin αv-dependent regulation of VANGL2 may occur at sites of weak or transient cellmatrix adhesion. Previous data show that loss of VANGL2 in HT-1080 cells affects the number and perhaps distribution of paxillin-positive focal adhesions [25] .
To expand upon the in vitro data, we next investigated whether zebrafish integrin αv influences Vangl2 protein levels in vivo. During zebrafish embryogenesis, integrin αv and vangl2 exhibit overlapping mRNA expression patterns during multiple stages beginning at gastrulation. We used a previously validated integrin αv antisense morpholino oligonucleotide to knockdown endogenous protein expression. Validated refers to the ability of injected synthetic zebrafish integrin αv mRNA (that is not targeted by the morpholino) to suppress integrin αv morpholino phenotypes [35] . Wild-type embryos were injected at the single-cell stage with control or integrin αv morpholinos to achieve ubiquitous oligonucleotide distribution and total protein was prepared at 24 h post-fertilization. At this stage of development, vangl2 and integrin αv both exhibit broad mRNA expression in forebrain, midbrain, and hindbrain tissues [36, 37] . Consistent with our in vitro data, western blot analysis showed integrin αv morpholino injected zebrafish embryos have reduced total Vangl2 protein (Fig. 3A,B) . Despite both vangl2 and integrin αv being expressed in gastrula-stage embryos, we did not observe the obvious convergence and extension phenotype typically associated with vangl2 mutant embryos [9, 12] . Future research will address in more detail how these proteins interact during zebrafish gastrulation. Interestingly, both integrin αv and Vangl2 are linked to the formation and function of Kupffer's vesicle, a ciliated organ that regulates asymmetry during zebrafish gastrulation [35, 38, 39] . It will also be important to identify additional embryonic stages and specific cell types where Vangl2 protein levels are regulated by integrin αv.
Specificity of the integrin αv phenotype and VANGL2 regulation by β integrins
HT-1080 cells express other PCP proteins including the VANGL2 binding partner PRICKLE1 and the VANGL2 homolog VANGL1 [23] . Therefore we tested whether integrin αv knockdown influences the levels of these proteins. Our results show the expression of PRICKLE1 and VANGL1 are unaffected by a reduction in integrin αv ( Supplementary Fig. 2A,B) . PRICKLE1 is a cytoplasmic polarity protein that is likely recruited to the plasma membrane through its physical interaction with VANGL2 [14] . Given the effect of integrin αv on VANGL2, it is possible integrin αv knockdown disrupts the subcellular distribution of PRICKLE1 but not total protein levels. VANGL1 and VANGL2 proteins share 73% sequence identity and 85% sequence similarity. During embryonic development, VANGL proteins have distinct and overlapping functions. For example, while both VANGL1 and VANGL2 are required for neural tube closure [40, 41] , zebrafish vangl1 is not expressed during gastrulation, an embryonic stage where Vangl2 function is essential [9, 12, 37] . The lack of an effect by integrin αv on VANGL1 supports the notion that VANGL2 can be regulated differently than VANGL1. Notably, although VANGL1 was shown to modulate MMP3 expression and cell invasiveness through an ECM [42] , we were unable to identify published data connecting VANGL1 and integrin function.
Similar to integrin αv, integrin α5 also interacts with specific β integrin proteins to allow cell adhesion to RGD motif-containing ECM proteins including fibronectin [43] . In contrast to integrin αv, we find that HT-1080 cells transfected with integrin α5 siRNA exhibit normal levels of VANGL2 protein ( Supplementary Fig. 2C,D) . HT-1080 cells express several β integrins [26, 44, 45] that may function with integrin αv to control VANGL2 protein levels. We used siRNA transfection to examine the effects of integrin β1, β3, and β5 protein knockdown on VANGL2. The western blot data show that similar to integrin α5 Fig. 2 . GFP-VANGL2 co-localizes with integrin αv at the plasma membrane. (A) GFP-VANGL2 transfected HT-1080 cells immunolabeled using an integrin αv (ITGAV) antibody show co-labeling at the plasma membrane (white arrows). (B) GFP-VANGL2 transfected cells immunolabeled using a paxillin antibody. At focal plane 1, paxillin-positive focal adhesions were observed that lack GFP-VANGL2 expression (white arrows). At focal plane 2, GFP-VANGL2 co-localizes with paxillin at certain plasma membrane domains (white arrows). Scale bars = 5 µm.
knockdown, loss of integrin β1 does not affect VANGL2 ( Supplementary  Fig. 2E,F) . By contrast, we found that integrin β3 knockdown increases VANGL2 protein levels (Fig. 4A,B) and loss of integrin β5 decreases VANGL2 (Fig. 4C,D) . The latter data suggest that integrin αvβ5 heterodimers may be responsible for promoting VANGL2 stability in HT-1080 cells. The integrin β3 data support the notion that the normal function of this integrin is to decrease VANGL2 protein expression. We hypothesize that VANGL2 regulation is determined by integrin heterodimer identity and the spatiotemporal requirement for these proteins to control specific cell behaviors such as adhesion to the ECM.
Integrin αv regulates VANGL2 protein degradation
Because integrin αv is required for proper VANGL2 protein expression but does not significantly affect VANGL2 transcription, we hypothesized that integrin αv may regulate VANGL2 protein homeostasis. To address this we first examined the degradation of endogenously expressed VANGL2 using cycloheximide to inhibit protein synthesis [46] . We show VANGL2 protein levels are already reduced after 4 h of drug treatment (Fig. 5A) . Next, the effect of 6 h cycloheximide treatment was assessed on control or integrin αv siRNA . (A, B) Box plots show median value ± standard deviation (whiskers) and the interquartile range (boxes) of likely variation (experiment performed three times, n = 13 biological replicates). Injection of integrin αv morpholino caused a 20% average reduction in Vangl2 protein levels. *** P < 0.001; P value is versus NIC; twotailed unpaired t-test. protein levels (experiment performed three times, n = 8 biological replicates). * P < 0.05; **P < 0.01; P values are versus NT siRNA; two-tailed unpaired t-test. transfected cells. Drug treatment reduced the total levels of VANGL2 protein in both control and integrin αv siRNA transfected cells. However, our data show the ratio of VANGL2 protein in cycloheximide treated versus untreated cells is significantly lower in integrin αv knockdown cells compared to controls (Fig. 5B,C) . These results indicate that when integrin αv levels are lowered, VANGL2 protein degradation increases. We next tested whether this VANGL2 protein phenotype is rescued by pharmacological inhibition of either the proteasome or lysosome. Here, control and integrin αv siRNA transfected cells were treated with a combination of cycloheximide and either MG-132 (proteasomal enzyme inhibitor) or chloroquine (lysosomal enzyme inhibitor). Our data demonstrate that reduced VANGL2 protein in integrin αv knockdown cells was rescued by inhibition of either the proteasome or lysosome (Fig. 5C,D) . To examine lysosomal regulation of VANGL2 further, we again used GFP-VANGL2 to image protein localization. Plasmid DNA and siRNA transfected HT-1080 cells were fixed and co-labeled with the lysosomal-associated membrane protein LAMP1. This transmembrane glycoprotein localizes primarily to late endosomes and lysosomes [47] . In control cells, GFP-VANGL2 is detected in both vesicular and plasma membrane domains (Fig. 6A,a′) . When integrin αv is knocked down, GFP-VANGL2 shows a marked reduction in plasma membrane expression but maintains its localization in sub-populations of LAMP1-positive (Figs. 6B,b′ and 6C,c′) and early endosome antigen 1-positive ( Supplementary Fig. 3A,B) endosomes. Together, our results support the notion that VANGL2 protein is degraded by both proteasomal-and lysosomal-dependent mechanisms and that integrin αv acts to stabilize VANGL2 protein levels by preventing this degradation.
Like other cell surface transmembrane proteins, VANGL2 is initially inserted into the lipid bilayer in the endoplasmic reticulum and trafficked to the plasma membrane from the trans-Golgi network. As shown for mouse Vangl1 [19, 20] , misfolded VANGL2 proteins would retrotranslocate from the endoplasmic reticulum to the cytosol for degradation by the proteasome. Once at the cell surface, misfolded VANGL2 might be degraded by the proteasome through a Derlin-dependent quality control mechanism [48, 49] or ubiquitinated and trafficked to lysosomes for degradation by acid hydrolases [50] . While it is unlikely integrin αv knockdown increases the amount of misfolded VANGL2 in the endoplasmic reticulum, it may affect the stability of VANGL2 tertiary or quaternary structure at the plasma membrane. Vertebrate VANGL2 homologs bind several plasma membrane proteins that may influence conformational stability including integrin αv, Ncadherin, and Ryk [22, 26, 51] . Our current data do not distinguish between MG-132 treatment directly affecting proteasomal VANGL2 degradation or indirectly disrupting the ubiquitination and endocytic trafficking of VANGL2 to lysosomes [52, 53] . Besides the removal of misfolded protein or misassembled protein complexes, endolysosomal vesicular trafficking may also provide a mechanism to down-regulate properly folded and functional plasma membrane VANGL2. Though lysosomal enzyme inhibition rescues VANGL2 protein levels in integrin αv knockdown cells, it is unclear whether integrin αv regulates lysosomal degradation of functional or defective cell surface VANGL2.
VANGL2 protein levels are influenced by the ECM substrate
Integrins function as cell surface receptors for diverse ECM proteins. Through interactions with different β subunits, integrin αv can bind multiple substrates including the RGD-containing ECM proteins fibronectin and vitronectin [54, 55] . The ability of integrin αv to regulate degradation of VANGL2 suggests cellular interactions with the ECM may control VANGL2 protein levels. We therefore compared the quantity of total VANGL2 protein in HT-1080 cells grown on untreated plastic, fibronectin, and vitronectin. Cells were plated on each substrate and incubated for 48 h prior to protein extraction and western blot analysis. Despite possible influences by ECM proteins present in serum [56] , our data show that VANGL2 protein is increased in cells grown on fibronectin-coated dishes compared to either untreated plastic or vitronectin-coated dishes ( Supplementary Fig. 4 ). These results are consistent with data from zebrafish showing a relationship between the fibronectin ECM and plasma membrane Vangl2 expression [27] . Similar to human VANGL2, membrane type-1 matrix metalloproteinase (MMP14) is regulated differently when cells are grown on fibronectin versus vitronectin substrates [57] . Here it was proposed that integrin β1 engagement with fibronectin inhibits internalization of MMP14. Further work is needed to determine whether integrin binding to fibronectin prevents VANGL2 endocytosis. The finding that a fibronectin ECM substrate but not vitronectin impacts VANGL2 may indicate involvement of distinct integrin heterodimers. Integrin αvβ3 and αvβ5 bind both fibronectin and vitronectin but other integrin αv heterodimers and integrin α5β1 exhibit selective binding to fibronectin or vitronectin [43, 58, 59] . While our data support the hypothesis that cellmatrix adhesion influences VANGL2 protein levels, these experiments did not specifically address whether cell-fibronectin or cell-vitronectin binding are required to stabilize VANGL2. 
Integrin activation increases VANGL2 protein stability
The ability of integrin αv to influence VANGL2 protein stability may provide a mechanism for cells to regulate VANGL2 function in response to changes in the ECM microenvironment. Our published data confirm that loss of integrin αv function in HT-1080 cells disrupts cell adhesion to ECM proteins [26] . We therefore hypothesized that VANGL2 protein levels may be regulated downstream of integrin binding to the ECM. To explore this possibility we first tested whether integrin activation influences VANGL2 protein expression. It is well established that Mn 2+ stimulates a shift to a high-affinity integrin conformation that increases cell adhesion to the ECM and assembly of a fibrillar matrix [60] . We used fibronectin antibody labeling and cell adhesion assays to verify the effect of MnCl 2 treatment on HT-1080 cells (Fig. 7A,B) . We also show that MnCl 2 treatment rescues the previously published reduced cellmatrix adhesion phenotype observed with VANGL2 knockdown cells (Fig. 7B) [26] . Although MnCl 2 treatment increases both fibronectin assembly and cell-matrix adhesion, integrin activation was insufficient to increase VANGL2 protein levels in cells plated on either fibronectin or vitronectin as indicated by western blot analysis (Fig. 7C-E) . MnCl 2 (experiment performed 6 times, n = 6 biological replicates). * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; P values are as indicated in panel B and versus VANGL2 expression in untreated cells in panels D and G; two-tailed unpaired t-test. treated cells plated on fibronectin actually had slightly reduced VANGL2 (Fig. 7D) . These results indicate that further promoting integrin-matrix interactions of cells already adhered to an ECM does not increase VANGL2 protein levels. However, the data do not tell us whether integrin activation functions to stabilize VANGL2. We therefore repeated the cycloheximide protein stability assay and examined the effect of MnCl 2 treatment on VANGL2. The ratio of VANGL2 protein in untreated cells versus MnCl 2 treated cells was used as an indicator of changes in protein stability. Our data show that MnCl 2 treatment rescues VANGL2 protein levels in cycloheximide treated cells (Fig. 7F,G) . We interpret these findings as evidence that integrin-mediated cellmatrix adhesion regulates VANGL2 protein stability.
Inhibition of cell-matrix adhesion reduces VANGL2 protein levels
We next asked whether inhibition of integrin-matrix interactions causes a decrease in VANGL2 protein levels. Here, an Arg-Gly-Asp (RGD) peptide was used to inhibit integrin-binding to RGD-motifs present in certain ECM proteins including fibronectin and vitronectin. We chose a cyclic RGD peptide (cilengitide) because its bent structure is highly selective for the integrin heterodimers examined in our study (IC 50 -values: αvβ3 < αvβ5 < α5β1 < < αvβ6 < αvβ8) [54, 61] . Vitronectin cell adhesion assays were used to confirm RGD peptide efficacy on HT-1080 cells (Fig. 8A) . Our data show RGD peptide treated cells plated on vitronectin have a significant decrease in VANGL2 protein (Fig. 8B,C) . These results support the notion that VANGL2 protein degradation is inhibited by integrin-mediated cellular interactions with vitronectin. Even though the cyclic RGD peptide inhibits α5β1 [54] , we argue the effect on VANGL2 is likely due to disrupted integrin αv function because integrin α5β1 knockdown has no effect on VANGL2 protein levels and integrin α5β1 does not bind vitronectin [43] . It remains possible a complete loss of integrin α5 protein may be required to affect VANGL2 expression.
We found that plating HT-1080 cells on fibronectin increases VANGL2 protein levels whereas plating cells on vitronectin does not. This may simply suggest VANGL2 is regulated by an integrin heterodimer that binds fibronectin but not vitronectin [43, 55, 58, 59] . However, we also show VANGL2 protein levels are affected by RGD peptide treatment when cells are plated on vitronectin but not fibronectin. Integrin heterodimers can exhibit both distinct substrate specificities and distinct substrate binding affinities. For example, published data show the initial binding of integrin αvβ3 is strong for fibronectin but weak for vitronectin [62] . Strong binding to vitronectin requires intracellular signaling events to produce conformational changes in the integrin αvβ3 heterodimer [62, 63] . We hypothesize that integrin-dependent maintenance of VANGL2 protein levels depends on both heterodimer identity and structural conformation as determined by binding different ECM substrates and/or intracellular signaling proteins. VANGL2 protein levels may also be affected by differences in matrix density and stiffness. How might VANGL2 be regulated by integrin αv and cellular interactions with the ECM? Our previous data suggest VANGL2 physically interacts with integrin αv [26] . Therefore differences in integrin-VANGL2 binding affinity, as dictated by the presence or absence of specific ECM substrates or intracellular integrin-binding proteins, may directly maintain VANGL2 at the cell surface. Accumulating data also show trafficking of cell surface integrins can regulate ECM turnover and endocytosis of plasma membrane proteins such as MMP14 [64] . It is possible integrin αv and cell-matrix adhesion directly or indirectly stabilizes plasma membrane VANGL2 by preventing its internalization. We previously reported that VANGL2 is required for cell surface expression of integrin αv [26] suggesting the trafficking of these two proteins may be coordinated. Furthermore, data show that cell surface zebrafish Vangl2 protein localization requires an intact fibronectin ECM [27] .
In summary, the current data support a model where integrin αv and cell-matrix interactions function to maintain VANGL2 protein levels including cell surface expression. We propose integrin αv and VANGL2 may interact at plasma membrane domains associated with ECM adhesion to regulate processes such as membrane-protrusive activity. This notion is supported by data showing that both zebrafish Vangl2 and fibronectin are required for proper formation of membrane protrusions in migrating gastrula cells [27] .
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